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ABSTRACT
Galactic cosmic rays (CRs) are believed to be accelerated at supernova remnant
(SNR) shocks. In the hadronic scenario the TeV gamma-ray emission from SNRs orig-
inates from decaying pions that are produced in collisions of the interstellar gas and
CRs. Using CR-magnetohydrodynamic simulations, we show that magnetic obliquity-
dependent shock acceleration is able to reproduce the observed TeV gamma-ray mor-
phology of SNRs such as Vela Jr. and SN1006 solely by varying the magnetic mor-
phology. This implies that gamma-ray bright regions result from quasi-parallel shocks
(i.e., when the shock propagates at a narrow angle to the upstream magnetic field),
which are known to efficiently accelerate CR protons, and that gamma-ray dark re-
gions point to quasi-perpendicular shock configurations. Comparison of the simulated
gamma-ray morphology to observations allows us to constrain the magnetic coherence
scale λB around Vela Jr. and SN1006 to λB ' 10+10−3.3 pc and λB > 200+80−10 pc, respec-
tively, where the ambient magnetic field of SN1006 is consistent with being largely
homogeneous. We can reproduce the multi-frequency spectrum from the radio to TeV
gamma rays in pure hadronic and mixed hadronic-leptonic models for the identical
parameters that we adopt in our morphological gamma-ray study.
Key words: Magnetohydrodynamics (MHD) – ISM: supernova remnants – cosmic
rays – gamma-rays
1 INTRODUCTION
SNR shocks energize Galactic CRs via diffusive shock ac-
celeration. This converts about 5 − 10% of the kinetic en-
ergy into a non-thermal, power-law momentum distribu-
tion of CRs (Bell 1978; Blandford & Ostriker 1978). The
most direct observational evidence for this is the GeV and
TeV gamma-ray emission from SNRs. There are two com-
peting models: in the leptonic model, CR electrons Comp-
ton upscatter (interstellar) radiation fields whereas in the
hadronic model inelastic collisions between the interstellar
medium (ISM) and CRs produce neutral pions that decay
into gamma rays (Hinton & Hofmann 2009). The latter pro-
cess produces a kinematic spectral feature below GeV ener-
gies, as recently observed by the Fermi gamma-ray telescope
(Ackermann et al. 2013). However, the steep high-energy
spectral slope raises questions whether this represents an
unambiguous proof of CR hadron acceleration at this SNR
(Cardillo et al. 2016).
The hadronic model requires efficient CR hadrons ac-
celeration, which must be accompanied by substantial mag-
netic field amplification via the hybrid non-resonant in-
stability (Bell 2004). This finding received strong obser-
vational support with the detection of thin X-ray syn-
chrotron filaments at several SNR shocks. Those filaments
exhibit fast (year-scale) variability and likely result from
cooling of freshly accelerated electrons in magnetic fields
of ≈ 1 mG (Uchiyama et al. 2007). Spatial correlations be-
tween gamma-ray brightness and gas column density are an-
other consequence of the hadronic model and are expected
for core-collapse supernovae, which explode inside molecu-
lar clouds due to the fast evolution of their massive pro-
genitor stars. Combining synchrotron and inverse Compton
emission in the leptonic model yields volume-filling mag-
netic field strengths of ≈ 10µG (Gabici & Aharonian 2016),
which are compatible with mG-field strengths inferred from
X-ray filaments only when assuming a clumpy medium. It
has also been argued that a rising gamma-ray energy spec-
trum provides evidence for leptonic models. However, such a
spectrum can also be obtained in the hadronic model when
considering a clumpy ISM because of proton propagation ef-
fects that substantially harden the proton spectrum inside
dense clumps in comparison to the acceleration spectrum in
the diffuse ISM (Celli et al. 2018). Hence, we need to under-
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stand the detailed spatial structure of SNRs across different
wave lengths to unambiguously identify emission and parti-
cle acceleration processes.
The high angular resolution (< 0.1◦) of imaging air
Cˇerenkov telescopes H.E.S.S., VERITAS, and MAGIC en-
ables detailed morphological gamma-ray studies of SNRs
and to separate or exclude contributions by compact sources
such as pulsars. In particular, TeV gamma-ray observations
have delivered a rich morphology of shell-type SNRs1, rang-
ing from the bi-lobed emission of SN1006 (H.E.S.S. Col-
laboration 2010) to the filamentous, patchy appearance
of Vela Jr. (H.E.S.S. Collaboration 2018b). The gamma-
ray morphology could result from density inhomogeneities
(Berezhko & Vo¨lk 2008; Atoyan et al. 2000) of the ambi-
ent ISM. It yet remains to be seen whether the fluctuation
amplitude necessary for the observed gamma-ray patchiness
does not introduce a corrugated shock surface (Ji et al. 2016)
that is inconsistent with the observed spherical blast wave.
Here, we propose a different model in which the ac-
celeration process imprints a rich gamma-ray morphology
due to the global magnetic morphology (Pais et al. 2018).
Hybrid particle-in-cell simulations of non-relativistic, strong
shocks show that diffusive shock acceleration of hadrons effi-
ciently operates for quasi-parallel configurations (i.e., when
the shock propagates along the upstream magnetic field or
moves at a narrow angle to it) and converts around 15% of
the available energy to CRs (Caprioli & Spitkovski 2014). In
contrast, a shock that propagates perpendicular to the mag-
netic field (or at a large angle to it, i.e., a quasi-perpendicular
configuration) is an inefficient accelerator without strong
pre-existing turbulence at the CR gyroscale (Giacalone et al.
1992) because charged particles are bound to gyrate around
the flux-frozen magnetic field. As the magnetized plasma
sweeps past the shock, so are the gyrating particles, which
cannot return back upstream.
We aim at explaining the apparently disparate TeV
morphologies of SNR 1006 and Vela Jr. within a single phys-
ical model assuming a hadronic model linking gamma-ray
morphology and local orientation of the magnetic field. To
this end, we run a suite of simulations modeling a point
explosion that encounters a range in magnetic field mor-
phologies, from a homogeneous field to a mixture of homo-
geneous and turbulent fields to fully turbulent fields with
varying coherence lengths. We rescale our simulation pa-
rameters within observational limits to reproduce the ob-
served gamma-ray spectra and flux. Comparing simulated
to observed morphologies allows to constrain the magnetic
coherence length that the unperturbed ISM had before it
encountered the SNR blast wave. Assuming statistical ho-
mogeneity, we thus constrain the magnetic coherence scale
in the immediate vicinity of the SNR.
2 SIMULATION SETUP
We perform our simulations with the second-order accurate,
adaptive moving-mesh code AREPO (Springel 2010; Pakmor
1 See the following references for TeV observations of shell-type
SNRs: RX J1713.7-3946 (H.E.S.S. Collaboration 2018a), Tycho
G120.1+01.4 (Archambault et al. 2017).
et al. 2016), using standard parameters for mesh regulariza-
tion. Magnetic fields are treated with ideal magnetohydrody-
namics (Pakmor & Springel 2013), using the Powell scheme
for divergence control (Powell et al. 1999). CRs are modelled
as a relativistic fluid with adiabatic index 4/3 in a two-fluid
approximation (Pfrommer et al. 2017).
We localize and characterize shocks during the sim-
ulation (Schaal & Springel 2015) to inject CRs into the
downstream (Pfrommer et al. 2017) with an efficiency
that depends on the upstream magnetic obliquity (Pais
et al. 2018). We adopt a maximum acceleration efficiency
for CRs at quasi-parallel shocks of 15% that approaches
zero for quasi-perpendicular shocks (Caprioli & Spitkovski
2014). We only model the dominant advective CR trans-
port and neglect CR diffusion and streaming. This is justi-
fied since diffusively shock accelerated CRs experience effi-
cient Bohm diffusion with a coefficient κBohm at the shock
(Stage et al. 2006), which implies a CR precursor (Lprec)
that is smaller than our grid cells, Lprec ∼
√
κBohmt ∼
0.03 pc × (pc/10 TeV)1/2 (B/100µG)−1/2 (t/103 yr)1/2. We
neglect slow non-adiabatic CR cooling processes in compar-
ison to the fast Sedov expansion.
Each simulation follows a point explosion that results
from depositing ESN = 1051 erg in a homogeneous peri-
odic box (Pfrommer et al. 2017). This leads to an energy-
driven, spherically-symmetric strong shock expanding in a
low-pressure ISM with mean molecular weight µ = 2.33.
Our initial conditions are constructed by first generating a
Voronoi mesh with randomly distributed mesh-generating
points in our three-dimensional simulation box with 2003
cells that we then relax via Lloyd’s algorithm (Lloyd 1982)
to obtain a glass-like configuration.
Our turbulent magnetic fields exhibit magnetic power
spectra of Kolmogorov type with different coherence lengths.
The three magnetic field components are treated indepen-
dently so that the resulting field has a random phase. To
fulfill the constraint∇·B = 0 we project out the radial field
component in Fourier space. We assume a low ISM pressure
of 0.44 eV cm−3 and scale the field strength to an average
plasma beta factor of unity. To ensure pressure equilibrium
in the initial conditions, we adopt temperature fluctuations
of the form nkBδT = −δB2/(8pi) (for details see Pais et al.
2018).
In our physical set-up, there are two different processes
driving turbulence. The process of diffusive shock acceler-
ation excites non-linear (turbulent) Bell modes on scales
below the CRs’ gyroradii (Bell 2004). Because we adopt
the obliquity-dependent CR acceleration efficiency from self-
consistent plasma simulations (Caprioli & Spitkovski 2014)
in our subgrid model, we implicitly account for the full ki-
netic physics.
On the contrary, the magnetic turbulence that we ex-
plicitly model in our simulations reflects the supernovae-
driven ISM turbulence with varying injection scales from 4
to 200 pc. The magnetic fluctuations cascade down to levels
of δB/B ≈ 10−3 at resonant length scales of TeV CRs so
that they do not interfere with the large-scale field topology
at the shock. To derive this result, we assumed Alfve´nic tur-
bulence for parallelly propagating Alfve´n waves according to
theory of magnetohydrodynamical turbulence Goldreich &
Sridhar (1995) in a mean magnetic field of 10µG. Hence, the
small fluctuation amplitude and the enormous scale separa-
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Table 1. Comparison of simulation and observational parameters
SNR SN1006 Vela Jr.
Parameter Simulation Observation Reference Simulation Observation Reference
diameter θs [deg] 0.5 0.5 6 2 2 6
spectral index ΓHE 1.95 1.79± 0.44 2, 7 1.81 1.85± 0.24 11
spectral index ΓTeV 2.15 2.30± 0.15 2, 7 2.11 2.24± 0.19 2
Fγ(> 1TeV) [10−12ph cm−2 s−1] 0.39 0.39± 0.08 7 23.4 23.4± 5.6 8
n [cm−3] 0.128H, 0.09M < 0.3 5 0.323H, 0.238M < 0.4 3
D [pc] 1530H, 1650M 1450− 2200 2, 10 350H, 300M 200− 750 4, 9
diameter ds [pc] 13.3H, 14.3M 12.6− 19.2 − 12.2H, 10.5M 7− 26 −
t [yrs] 1012 1012 − 1200H , 690M 680− 4300 4, 9
v [km s−1] 2800 2790 - 4980 1, 12 1970H, 2900M > 1000 3
B [µG] 200H, 80M − − 40H, 10M − −
Ep,cut[TeV] 200 − − 100 − −
Ee,cut[TeV] 1.7H, 3M − − 0.25H, 0.4M − −
βp 2 − − 2 − −
βe 0.7 − − 0.4 − −
Notes: n denotes the ISM number density, D is the distance to the SNR, θs and ds are the angular and proper extent of the blast wave,
v denotes the shock velocity, t is the SNR age, B the magnetic field and Fγ is the gamma-ray flux. The last four lines represent the
parameters used for the spectral models described in Sec. 3. The superscripts H and M denote the parameters of the pure hadronic
and mixed hadronic/leptonic models, respectively.
References: (1) Acero et al. (2007); (2) Acero et al. (2015); (3) Allen et al. (2015); (4) Aschenbach et al. (1999); (5) Dubner et al.
(2002); (6) Green (2014); (7) H.E.S.S. Collaboration (2010); (8) H.E.S.S. Collaboration (2018b); (9) Katsuda et al. (2008); (10)
Katsuda (2017); (11) Tanaka et al. (2011); (12) Winkler et al. (2003).
tion of injection-to-gyroscale of ≈ 105 justifies our separate
treatment of these two processes.
3 MULTI-FREQUENCY SPECTRAL
MODELLING
To investigate the nature of the gamma-ray emission from
both SNRs, we derive multi-wavelength spectra from ra-
dio to TeV gamma-rays. The data are then compared to a
one-zone model in which the integrated particle populations
(electrons and protons, denoted by subscripts i = {e,p})
are described by a power law with exponential cutoff of the
form:
f1D(pi) =
d2Ni
dpidV
∝ p−αii exp
[
−
(
pi
pi,cut
)βi]
(1)
where f1D(pi) = 4pi p2i f3D(pi), αi is the spectral index, pi,cut
is the cutoff momentum and βi describes the sharpness of
the cutoff; with values reported in Table 1.
Radio synchrotron and inverse Compton emission (in-
cluding the Klein-Nishina cross section) are calculated fol-
lowing Blumenthal & Gould (1970). The hadronic gamma-
ray emission is calculated from parametrisations of the cross-
section of neutral pion production at low and high pro-
ton energies (Yang et al. 2018; Kelner et al. 2006). Be-
cause our simulations only follow CR protons, we assume
an electron-to-proton ratio Kep at 10 GeV for the normal-
ization of the electron population. For our hadronic model
we set Kep = 10−3. Since there are parameter degenera-
cies, we also show a mixed hadronic/leptonic model for the
gamma-ray emission with Kep = 10−2.
Results for the pure hadronic and the mixed hadronic-
leptonic models are shown in Fig. 1 for both SNRs. The
model parameters are reported in the lower section of Tab. 1.
Note that the magnetic field entering here is the radio syn-
chrotron emission-weighted magnetic field, which is situated
in the post-shock region, interior to the SNR shell. In the
case of SN1006, because of its position above the galac-
tic plane, we assume an inverse-Compton (IC) scattering
mainly on CMB photons. The location of Vela Jr. in a star
forming region suggests that a combination of IC scattering
on starlight with an energy density of 5uCMB and CMB pho-
tons is more appropriate. Note that we adopt hard CR pro-
ton spectral indices of αp < 2 in all models, which naturally
emerge as a result of streaming CRs inside dense clumps of
a clumpy ISM (Celli et al. 2018).
4 MORPHOLOGICAL GAMMA-RAY
MODELLING
Our simulation models for the two SNRs are well described
by the energy-conserving Sedov-Taylor solution (Ostriker &
McKee 1988) for the shock radius, rs(t) = (ESN/αρ)1/5t2/5,
where ρ = µmpn is the ISM mass density and α is the self-
similarity parameter. The solution also remains self similar
for obliquity-dependent CR acceleration (Pais et al. 2018).
We assume a power-law CR momentum distribution for
calculating the pion-decay gamma-ray emissivity (Pfrommer
& Enßlin 2004; Pfrommer et al. 2008). After line-of-sight in-
tegrating the gamma-ray emissivity and adding Gaussian
noise (so that the synthetic map matches the observational
noise properties in amplitude and scale, see Pais & Pfrom-
mer in prep.), we convolve the maps with the observational
point-spread function.
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Figure 1. Multi-frequency spectra of SN1006 (left-hand panels) and Vela Jr. (right-hand panels). The top panels show a hadronic
scenario for both remnants assuming an electron-to-proton ratio of Kep = 10−3. The bottom panels show a mixed hadronic-leptonic
scenario with Kep = 10−2. For SN1006, we use data in the radio (Reynolds 1996), X-rays (Bamba et al. 2008), from FERMI (Abdo
et al. 2010) and H.E.S.S. (H.E.S.S. Collaboration 2010) (sum of the two regions). For Vela Jr., we adopt data in the radio (Duncan
& Green 2000), X-rays (Aharonian et al. 2007), from FERMI (Tanaka et al. 2011) and H.E.S.S. (H.E.S.S. Collaboration 2018b). We
account for the following processes: synchrotron radiation from primary electrons (green lines), IC scattering on the CMB for SN1006
and additionally on starlight for Vela Jr. (red lines) and hadronic interactions (blue lines).
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Figure 2. Two-dimensional cross-sections of our SNR simulations. Left-to-right: slices of the magnetic field strengths of SN1006, Vela
Jr. and of the number density n. The outwards pointing arrows in the first two panels show the orientation of the magnetic field at
the shock, color-coded by the magnetic obliquity (red/blue for quasi-parallel/-perpendicular shocks). Both simulation models adopt
a constant-density ISM and differ only in the assumed magnetic morphology: SN1006 has a homogeneous magnetic field pointing to
the top-left augmented with a mildly turbulent field while Vela Jr. adopts a fully turbulent magnetic field with correlation length
λB = L/2 = 10 pc.
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Figure 3. Two-dimensional projected gamma-ray maps of our SNR simulations. Top row, featuring SN1006: CR pressure (left), simu-
lated pion-decay gamma-ray surface brightness resulting from hadronic CR interactions convolved to the observational resolution (middle)
and acceptance-corrected excess map for SN1006 with pixel size 0.005◦ (H.E.S.S. Collaboration 2010). Bottom row, featuring the same
quantities for Vela Jr. with an acceptance-corrected excess map that was convolved with a Gaussian PSF of width σ = 0.08◦ (H.E.S.S. Col-
laboration 2018b). We add Gaussian noise at the observed level and power spectrum and convolve both simulated gamma-ray maps to
the observational angular resolution.
First, we perform exploratory simulations with pa-
rameter choices guided by the self-similar scaling of the
Sedov-Taylor solution. We find parameter combinations that
approximately reproduce all observational characteristics
(with box size L = 20 pc for both remnants). Fixing angular
size, explosion energy, and employing the self-similar solu-
tion, we then re-scale the solution by varying the ambient
density within observational bounds to match the observed
gamma-ray fluxes. The final set of parameters is reported in
Table 1.
To model SN1006 we assume a dominant homogeneous
magnetic field that points to the top-left as supported
by studies of radio polarization signatures (Reynoso et al.
2013). We superpose a turbulent magnetic field with a cor-
relation length λB = L = 20 pc (≈ 0.74◦ at D = 1.53 kpc)
that contains 1/9 of the energy density of the homogeneous
field. For Vela Jr. we perform a range of fully turbulent
simulations with magnetic coherence lengths λB = L/f
(f ∈ {1, 2, 3, 4, 5}). We find that our simulation model with
λB = L/2 = 10 pc (≈ 1.6◦ at 0.35 kpc) statistically matches
the gamma-ray maps best.
We present different physical properties of our simula-
tion models for SN1006 and Vela Jr. in Fig. 2 and 3. While
both simulation models adopt a constant background den-
sity, their magnetic structure differs (Fig. 2). This results in
a significantly different CR pressure distribution owing to
the obliquity-dependent shock acceleration (left column of
Fig. 3).
The hadronically induced gamma-ray maps echo this
difference as they depend on the CR pressure distribu-
tion multiplied with the target gas density, which peaks
at the shock surface (middle column of Fig. 3). The bi-
lobed gamma-ray morphology of SN1006 is a direct con-
sequence of quasi-parallel shock configuration at the po-
lar caps. This contrasts with the patchy filamentary, limb-
brightened gamma-ray morphology of our model for Vela
Jr., which results from the small-scale coherent magnetic
patches with a quasi-parallel shock geometry.
A direct comparison with observational images is shown
in the right column of Fig. 3. In the case of SN1006,
we convolve the simulated map with a Gaussian of width
σ = 0.005◦ (equal to the pixel size), in the case of Vela Jr.
we use σ = 0.08◦ (the observational point spread function,
PSF). The obliquity-dependent shock acceleration model is
able to match the TeV gamma-ray morphologies of SN1006
and Vela Jr. with astonishing precision solely by changing
the magnetic coherence scale (with a homogeneous field rep-
resenting the limit of an infinite coherence scale). Clearly, in
the case of Vela Jr. this match is on a statistical basis as the
phases of turbulent fields are random. We emphasize that
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Figure 4. Synthetic gamma-ray maps of SN1006 (first row) and Vela Jr. (second row) for a purely turbulent magnetic field with different
coherence lengths (see panels). The sequence towards larger correlation lengths starts to approach more homogeneous magnetic field
geometries with the characteristic bi-lobed shell morphology (top right for SN1006) whereas smaller coherence lengths approach the
isotropic limit (lower left for Vela Jr.). Clearly, the observed gamma-ray map of Vela Jr. falls in between the cases λB = 6.7 and 20 pc
(bottom left and middle panels), justifying our choice of λB = 10 pc.
all our simulations assumed a constant-density ISM that the
SNR has expanded into. Note that we also obtain filamen-
tary gamma-ray morphologies due to obliquity dependent
shock acceleration in SNRs that are expanding into a stellar
wind environment (see Sec. 5)
The success of our models enables us to estimate λB of
the ISM surrounding SN1006 and Vela Jr. by comparing the
observed gamma-ray maps to simulations with different val-
ues of λB . While the morphology of SN1006 is best matched
by a homogeneous ambient field (possibly with the addition
of a small-amplitude turbulent field), we need to perform
an analysis similar to Vela Jr. in order to formally place a
lower limit on the magnetic coherence length. To this end,
we perform three different simulations that have a purely
turbulent field with coherence scales of λB = 50, 100 and
200 pc. Figure 4 shows gamma-ray maps of three different
magnetic coherence scales for both SNRs, respectively. For
SN1006, the number of gamma-ray patches decreases with
increasing coherence scale (left to right) to the point where
there are two patches visible (λB = 200 pc). Since the align-
ment of these two patches is not symmetric with respect to
the centre, we conclude that the true coherence scale must
be larger and in fact is consistent with a nearly homogeneous
field across the SNR. For Vela Jr., the sequence of gamma-
ray maps with decreasing coherence scale leads to smaller-
scale gamma-ray patches that asymptotically approach an
isotropic distribution. We find that the correlation length
of Vela Jr. ranges in between the box size L and L/3, sug-
gesting λB ≈ L/2 = 10+10−3.3 pc, allowing for uncertainties in
distance and λB .
5 SNR EXPANDING INTO A STELLAR WIND
Here, we study how different assumptions of the circum-
stellar medium (CSM) affect the evolution of a SNR and its
morphological appearance at gamma-ray energies. Studies of
SNR evolution into stellar-wind-blown environments range
from the initial free-expansion phase (Soderberg et al. 2010;
Kamble et al. 2014; Fransson et al. 2015) to the self-similar
Sedov phase (Landecker et al. 1999).
The Vela Jr. SNR is thought to be associated with a
core-collapse supernova explosion (Wang & Chevalier 2002),
which results from the collapse of a massive star of mass
M > 8M. The particularities of the progenitor are re-
sponsible for the evolution of the SNR in a highly modi-
fied wind-blown CSM shell, causing a substantially different
evolution from the classical sequence of free expansion fol-
lowed by a Sedov and a radiative stage (Dwarkadas 2005).
As pointed out by Chevalier (1982) and Ostriker & McKee
(1988), a SNR that interacts with a CSM density profile
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Figure 5. Synthetic γ-ray maps of Vela Jr., which result from simulations of a blast wave expanding into a stellar wind profile. To account
for the uncertainties, we adopt different wind density profiles and a purely turbulent magnetic field of coherence scale λB = 10 pc. The
panels show SNRs that propagate in a constant density medium (left), in a density profile ρ ∝ r−1 (middle) and ρ ∝ r−2 (right) at the
same age and same mean density. As expected, the higher central density slows down the expanding shock, modifies the morphology into
a more compact and brighter emission region, which however maintains the shell-type morphology.
ρ(r) ∝ r−q has a self-similar analytical solution for the evo-
lution of shock radius and velocity:
rs(t) = A
1
5−q t
2
5−q , (2)
vs(t) =
2
5− qA
1
5−q t
q−3
5−q , (3)
where A is a constant depending on the ambient average
density, the SN energy and the adiabatic index. Here, q =
2 corresponds to the case of constant mass loss from the
progenitor star.
We simulate supernova explosions in three different
power-law wind profiles with q ∈ {0, 1, 2}. To ease com-
parison we adopt the same average number density for all
simulations as reported in Table 1. All other initial simula-
tion parameters for the energy and the turbulent magnetic
field remain unchanged. We evaluate the SNR simulations
at the same age, which emphasizes the effect of a denser cen-
tral CSM for steeper power-law indices. In order to avoid a
non-vanishing magnetic divergence during the generation of
the initial density profile, we cap the density in the central
cells with a Plummer-type softening length of rc = 0.3 pc.
The wind speed vw ranges from values of order (1000−
3000) km s−1 for very young SNRs (Abbott 1978) to
100 km s−1 or less for red-giant stars. Hence, we can neglect
vw in comparison to the shock velocity during the early Se-
dov phase (Ostriker & McKee 1988), which means that the
approximation of assuming a point explosion in the various
density profiles is fully justified and does not affect the fi-
nal simulation result. This causes the remnant to directly
enter the Sedov stage and to bypass the earlier phase of a
swept-up wind-blown shell.
In Fig. 5 we show simulated gamma-ray maps of Vela
Jr. for the three different CSM environments. The primary
effect of a stratified wind density profile consists of slowing
down the propagating blast wave. This results in a more
compact and brighter gamma-ray morphology. Many of the
general morphological features of the patchy gamma-ray
map previously found for the constant density solution carry
over to the stratified density profiles. However, the higher
central number density in comparison to the flat profile in-
creases the gamma-ray brightness, with a flux enhancement
by a factor of four for the q = 2 profile, as expected for
the evolution of these profiles at early times (Kirk et al.
1995). Thus, comparing our simulated maps to the observed
shell-type morphologies at these ages, this argues for more
shallow density profiles |q| < 1, with slight preferences for a
constant density medium for the SNRs studied here.
6 DISCUSSION AND CONCLUSIONS
We have presented the first global simulations and hadronic
gamma-ray maps of SNRs, which account for magnetic
obliquity-dependent CR acceleration. We analyzed the
multi-frequency spectrum in order to have an ISM matching
the observed gamma-ray flux of the remnants. Our synthetic
gamma-ray maps match the apparently disparate TeV mor-
phologies and total gamma-ray fluxes of SNR 1006 and Vela
Jr. within a single physical model extremely well: SN1006
expands into a homogeneous magnetic field that is remi-
niscent of conditions for a galactic outflow or a large-scale
Parker loop as supported by its Galactic height of z = 0.4
kpc (at D ' 1.5 kpc) above the midplane (Stephenson &
Green 2002). On the contrary, Vela Jr. is embedded in a
small-scale turbulent field typical of spiral arms. This sug-
gests that the diversity of shell-type TeV SNRs originates in
the obliquity dependence of the acceleration process rather
than in density inhomogeneities.
Comparing our simulations of different λB to observed
TeV maps of shell-type SNRs enables us to estimate λB of
the unperturbed ISM before it encountered the SNR blast
wave. Assuming statistical homogeneity, we constrain λB in
the vicinity of SN1006 and Vela Jr. to > 200+80−10 pc and
10+10−3.3 pc, respectively. Simulating the SN explosion that
expands into a stratified density profile caused by a stel-
lar wind produces similarly patchy gamma-ray maps and
hence does not alter our conclusions that magnetic obliquity-
dependent CR acceleration is responsible for this patchy
morphology. However, at the same mean density, the blast
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wave will encounter a denser CSM at small radii, which slows
down the propagating blast wave and results in a more com-
pact and brighter gamma-ray map at the same age.
If obliquity-dependent diffusive shock acceleration also
applies to electrons, we could produce similar synthetic TeV
maps in the leptonic model to constrain the magnetic co-
herence length. If electron acceleration were independent of
magnetic obliquity then this work would provide strong ev-
idence for the hadronic scenario in shell-type SNRs as the
necessary element to explain the patchy TeV emission. In
any case, we conclude that the inferred coherence scales are
robust to specific assumptions of the gamma-ray emission
scenario (hadronic vs. leptonic models).
Moreover, here we show that the hadronic model is
able to explain shell-type SNR morphologies, which natu-
rally emerge in our simulations due to the peaked density
at the shock in combination with the slowly decreasing CR
pressure profile (Pais et al. 2018). In the leptonic model, fast
electron cooling would have to confine the emission regions
close to the shock. However, this would imply strong spectral
softening towards the SNR interior, which is not observed
in Vela Jr., seriously questioning the leptonic model for this
SNR (H.E.S.S. Collaboration 2018b). Our work opens up
the possibility of mapping out the magnetic coherence scale
across the Milky Way and other nearby galaxies at the lo-
cations of TeV shell-type SNRs, and to study how it varies
depending on its vertical height or its location with respect
to a spiral arm. Thus, our work represents an exciting new
science case for gamma-ray astronomy, in particular for the
Cherenkov Telescope Array.
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